Transgenic plants producing the 30K temperaturesensitive transport protein (TP) of tobacco mosaic virus (TMV) mutant Ni2519 (affecting cell-to-cell transport) were found to: (i) be susceptible to wild-type TMV U1 at 24 °C (a permissive temperature for Ni2519 TP), (ii) acquire a certain level of resistance to TMV U1 accumulation when maintained at 33 °C (a non-permissive temperature for Ni2519 TP) and (iii) lose the resistance to wild-type TMV after their transfer from 33 °C to 24 °C. It is suggested that reversible tempera-ture-dependent conformational changes in Ni2519 TP are responsible for these phenomena and that production of a TP which is only partially functional in transgenic plants confers on these plants a resistance to the virus owing to reduction of the level of cell-to-cell transport. Transgenic tobacco plants producing the 32K TP ofbrome mosaic virus (BMV) acquired resistance to TMV U 1 suggesting that BMV TP is partially functional in tobacco plants. 0001-1395 © 1993 SGM Downloaded from www.microbiologyresearch.org by
Introduction
It is generally accepted that the ceU-to-cell transport of plant virus genetic material is a function of both the viral and the host genome, in that a virus-coded non-structural protein(s) (transport or movement protein, TP or MP) and a host-coded component(s) are involved. Different aspects of virus movement have been reviewed in the past few years (Atabekov & Dorokhov, 1984; Hull, 1989; Atabekov & Taliansky, 1990 , Godefroy-Colburn et al., 1990 Maule, 1991; Citovsky & Zambrysky, 1991; Daubert, 1991; Deom et al., 1992) .
The 30K tobacco mosaic virus (TMV)-coded TP is responsible for cell-to-cell movement Deom et al., 1987) . Conclusive evidence has been presented that the 30K TP facilitates TMV spread by modifying the permeability of plasmodesmata (Wolf et al., 1989 Deom et al., 1990; Berna et al., 1991) . In TMV-infected plants and transgenic tobacco plants expressing the 30K TP gene, the protein accumulates in the cell wall fraction, localized within the plasmodesmata (Tomenius et al., 1987; Deom et al., 1987; Moser et al., 1988; Atkins et aL, 1991) .
Two TMV mutants (Lsl and Ni2519) were shown to be temperature-sensitive (ts) in cell-to-cell transport owing to single amino acid changes in their 30K genes which resulted in substitution of serine for proline at position 154 (Ohno et al., 1983; Meshi et al., 1987) and glycine for arginine at position 144 (Zimmern & Hunter, 1983) in the TPs of Lsl and Ni2519, respectively.
Amino acid sequence analysis revealed several conserved and variable domains in the 30K TPs of tobamoviruses (Ohno et al., 1984; Saito et al., 1988) only part of which is essential for virus movement (Berna et al., 1991) . The MPs might be multi-functional, containing at least two domains: one binding to viral RNA (Citovsky et al., 1990 (Citovsky et al., , 1992 Citovsky & Zambryski, 1991; Jackson et al., 1991; Godefroy-Colburn et al., 1990; Osman et al., 1992) and one binding to a putative cellular component(s). The substitution in Ni2519 TP at position 144 is probably in the plasmodesmatamodifying domain (Citovsky et al., 1990) .
If the virus is unable to express a transport function, the infection will be contained in the primarily infected cells; the plant will thus appear immune because of the blockage of virus movement. The infected plant donates host-encoded factor(s) (HF) (Calder & Palukaitis, 1992) for transport function expression. Production in transgenic plants of TP containing incompletely functional domains would confer these plants with a resistance to wild-type virus. Such TPs could perform only some of the steps involved in virus transport resulting in a competition with the TP produced by wild-type virus and inhibition of its movement in the transgenic plant. Such plants could be resistant not only to the 'homologous' virus (i.e. the virus producing TP homologous to that accumulated in the transgenic plant) but to some foreign viruses as well. The latter suggestion is consistent with several observations that transport complementation is non-specific (Malyshenko et al., 1988 (Malyshenko et al., , 1989 .
Here we used two TP genes for possible production of partially functional TPs in transgenic tobacco plants: (i) the 30K gene from TMV mutant Ni2519 and (ii) the 3a gene from brome mosaic virus (BMV) RNA 3; BMV is unable to spread in tobacco but replicates in isolated tobacco protoplasts (Sakai et al., 1983) , i.e. BMV TP can be regarded as non-functional in tobacco.
Our results suggest that ts TP of Ni2519 produced in transgenic tobacco at the non-permissive temperature inhibits accumulation of the challenging temperatureresistant (tr) TMV U1. Similar data were obtained with transgenic plants producing BMV TP (at normal temperature). Some aspects of this work have been reported in a preliminary communication (Taliansky et al., 1991) .
Methods
cDNA cloning. The 30K TP ofTMV ts mutant Ni2519 has the amino acid substitution Glu~Arg (144) in comparison with TMV tr strain U1 which is determined by a base change, A ~ G, at position 5332 of TMV RNA (Zimmern & Hunter, 1983) . Therefore to obtain the ts 30K TP gene (referred to as Ni2519 TP gene) we used the pUC30K plasmid containing a TMV U1 cDNA fragment (nucleotides 4254 to 5766) including the U1 30K TP gene (nucleotides 4903 to 5706) flanked by natural (at TMV nucleotide 4254) and additional EcoRI sites (Taliansky et al., 1992) . The TMV sequence (nucleotides 5080 to 5766) including a site for introduction of the Ni2519 mutation (at position 5332) was excised from pUC30K with HindIII (which cleaves at TMV nucleotide 5080) and EcoRI. The fragment obtained (TMV nucleotides 5080 to 5766) was isolated and ligated to HindIII and EcoRI-digested M13 mpl9 DNA. The ts mutation (A-~G at position 5332) was obtained by site-directed mutagenesis using an oligonucleotide of 22 nucleotides containing the respective base change as a primer for phage DNA synthesis. Then the mutated EcoRI-HindlII fragment was cut and cloned into the EcoRI and HindIII sites of plasmid pUC30K. After this, the Ni2519 sequence from the plasmid obtained (pUC30K 2519) was excised with Eco3 lI (which cleaves at TMV nucleotide 4745) and EcoRI. The fragment obtained (TMV nucleotides 4745 to 5766), including the 30K TP gene, was ligated into the pRT104 plant expression vector (Topfer et al., 1987) at the XhoI and EcoRI sites in the polylinker region between the 35S promoter of cauliflower mosaic virus (CaMV) and polyadenylation signal of the nopaline synthase gene. The HindIII fragment of the resulting plasmid pRT30K 2519, containing the chimeric Ni2519 30K TP gene, was inserted into the HindIII site of the pBIN19 plasmid of the binary vector system (Bevan, 1984) . The final plasmid pBIN 30K 2519 contained the gene for neomycin phosphotransferase II, which confers resistance to the antibiotic kanamycin, and the gene encoding the 30K TP of TMV Ni2519.
BMV 32K (3a) protein gene cDNA was synthesized by priming with oligo(dT) because the BMV TP gene is flanked at the 3' end by an internal oligo(A) sequence (Ahlquist et al., 1981) . After synthesis of the second strand the DNA obtained, containing a BMV sequence (from nucleotides 69 to 1211) including the 32K TP gene (nucleotides 92 to 1000), was cloned into the Sad site of plasmid pUC 19. Then the BMV sequence from the resulting plasmid (pUC 32K BMV) was excised with EcoRI and BamHI and ligated into pRT101 (Topfer et al., 1987; Bevan, 1984) at the EcoRI and BamHI sites in the polylinker region between the 35S promoter and the polyadenylation signal. The HindlII fragment of the plasmid obtained, pRT32K BMV, containing the chimeric gene was inserted into the HindlII site of pBIN19. The final plasmid was named pBIN 32K BMV.
Transgenic plants. The plasmids pBIN 30K 2519 and pBIN 32K BMV were conjugated into Agrobacterium tumefaciens LBA 4404, which was used as a non-oncogenic helper strain in the binary vector system. Leaf discs of Nicotiana tabacurn cv. Samsun were inoculated with the A. tumefac&ns thus obtained. Transformed plant cells were selected for kanamycin resistance and regenerated into plants as described by Horsch et al. (1985) to yield a number of different transgenic lines. The plants were propagated for further experiments by taking cuttings.
The transgenic plant line Tni-1 expressing the Ni2519 30K gene (Ni2519 TP +) was selected by immunoblotting and by the ability of plants to complement movement of the transport-deficient mutant of TMV (TMV TP-) at 25 °C. We did not determine the copy number of the chimeric gene nor compare the level of its expression in transgenic plants supposing that this information is not essential for interpreting our results which are of a qualitative rather than quantitative nature.
The transgenic plant line Tbmv-1 expressing the BMV 32K gene (BMV TP +) was selected by immunoblotting. The transgenic tobacco plant line To-4 expressing the TMV U1 strain 30K gene (U1 TP +) and Tk-1 (control plants), which contained the vector used for transformation but without the TP genes, were described earlier (Taliansky et al., 1992) .
Plants were grown in a greenhouse under natural light conditions supplemented with sodium halide lamps (14h photoperiod) or in growth chambers (14 h light/10 h dark periods).
TP analysis. The presence of the TPs in transgenic plants was determined as described by Deom et al. (1990) . A crude cell wall fraction and cytoplasmic membrane fraction sedimenting at 30000g were analysed by SDS-PAGE and immunoblotting with antibodies to an 11 amino acid synthetic oligopeptide corresponding to the carboxy terminus of the TMV UI 30K protein or to a 16 amino acid synthetic oligopeptide corresponding to the carboxy terminus of the BMV 32K protein using peroxidase-conjugated goat anti-rabbit antibodies as the second antibodies. TPs were identified by comparison with an immunoblot of the in vitro translation products visualized with orthodianisidine (Berna et al., 1985) .
Viruses and virus inoculation. The U1 strain of TMV was purified from systemically infected leaves of N. tabacum cv. Samsun as described by Asselin & Zaitlin (1978) . The purified preparation of a TMV TP-frameshift mutant (one nucleotide deleted from the tenth codon) in the 30K TP gene (kindly provided by Professor W. Dawson) was used for inoculation (at 24 °(2) of transgenic tobacco plants producing the ts 30K TP of Ni2519. The inoculated leaves of Ni2519 TP + plants were removed 14 days after inoculation.
The plants of the eight-to-10-1eaf stage (usually 4-to 6-week-old plants) were used in experiments. In initial experiments all leaves were mechanically inoculated with TMV (3 to 20 lag/ml). In the second series of experiments, three lower leaves were mechanically inoculated with TMV. Immediately after inoculation, plants were rinsed with water and placed in growth chambers.
Accumulation of virus in non-inoculated (systemically infected) leaves was monitored at different periods after inoculation by direct double antibody sandwich (DAS) ELISA (Clark & Adams, 1977) with antibodies to the TMV U1, using serial dilutions of the purified virus as concentration standards.
Protoplast culture. Isolation and inoculation of the protoplasts from transgenic tobacco plants were performed according to Malyshenko et al. (1985 Malyshenko et al. ( , 1987 . In the case of Ni2519 TP + plants all stages of protoplast isolation were performed at 33 °C; 5 x 105 tobacco mesophyll protoplasts per 1 ml were inoculated with TMV U1 (5 gg/ml). Inoculated protoplasts from Ni2519 TP + and BMV TP + plants were * Transgenic tobacco lines were maintained at either 33 °C or 24 °C for 2 weeks (experiments I to IV, VI) or 5 days (experiment V) before inoculation with TMV UI. Plants with eight to 10 leaves were used and the mature (10 to 12 cm) or young (5 to 7 cm) leaves were inoculated with U1 (3 gg/ml) and held at 33 °C or 24 °C for a subsequent 5 days. A third group in experiments I and II was kept at 33 °C for 2 weeks, transferred to 24 °C for 2 weeks, and kept at this temperature for 3 to 5 days after inoculation. Three to six plants of each phenotype were used in each experiment and the virus concentration was determined by ELISA separately in each inoculated leaf 3 to 5 days after inoculation. Values represent mean ELISA titres for three to six mature leaves.
t ND, Not determined.
incubated at 33 °C and 24°C, respectively. TMV content was determined by DAS ELISA 24 h after inoculation.
Results

Production of temperature-sensitive TMV Ni2519 30K TP in transgenic tobacco plants
The Ni2519 30K TP gene under the control of the CaMV 35S promoter was introduced into cells of N. tabacum cv.
Samsun. Transformed plant cells were selected for kanamycin resistance and regenerated into plants (Horsch et al., 1985) yielding four different transgenic lines. Plant line Tni-1 (Ni2519 TP ÷) was chosen for further experiments, based on the detection of the 30K TP by immunoblotting with antiserum to a synthetic peptide corresponding to the 11 carboxy-terminal amino acids predicted to be encoded by nucleotides 5674 to 5706 (Goelet et al., 1982) of the 30K TP from TMV U1.
Plant line To-4 transformed with the TMV U1 30K TP gene (U1 TP +) was described earlier (Taliansky et al., 1992) . A crude cell wall fraction and a soluble fraction were isolated from the leaves of Ni2519 TP + and TMV U1 TP+-infected plants incubated at 24 °C and 33 °C and examined by immunoblotting (Deom et al., 1990) . The 30K TP synthesized in vitro in rabbit reticulocyte lysates from TMV-specific subgenomic RNA (Morozov et al., 1990) was used as a control. It was found that Ni2519 TP + and TMV U1 TP + plants accumulated the TP at both temperatures (data not shown).
The non-conditionally transport-deficient TMV frameshift mutant TMV TP-was used for the complementation experiments in transgenic Ni2519 TP + plants. No TMV TP-accumulation was detected 7 days after inoculation in control kanamycin-resistant transgenic plants (TP-), whereas a considerable amount (up to 12 ~tg/g of tissue) of transport-deficient TP-TMV accumulated within the inoculated Ni2519 TP + leaves at 24 °C (the temperature permissive for Ni2519 viral movement). No TMV TPaccumulation was detected in Ni2519 TP + transgenic plants maintained at 33 °C for 14 days before inoculation. These observations suggest that Ni2519 TP + plants produce the temperature-sensitive 30K TP which is functionally active at the permissive (24 °C) but not at the non-permissive (33 °C) temperature.
Effect of temperature on TMV U1 accumulation in Ni2519 TP + transgenic tobacco plants and in the isolated protoplasts
The accumulation of TMV U 1 within the inoculated and upper non-inoculated leaves of Ni2519 TP + and control TP-plants was followed at permissive (24 °C) and nonpermissive (33 °C) temperatures for the Ni2519 TP (Tables 1 and 2) . As expected, the Ni2519 TP + plants were susceptible to TMV U1 at 24 °C. There was no obvious difference in TMV accumulation in the inoculated leaves ofTP , U1 TP ÷ and Ni2519 TP + plants at 24 °C (Table 1) . Consequently, the production of functionally active 30K TP in transgenic plants does not influence the levels of their susceptibility to TMV.
In contrast, the levels of TMV U1 accumulation in the inoculated mature leaves of Ni2519 TP ÷ plants were significantly reduced if they were maintained for 5 to 14 Table 2 Table 1 ). The resistance acquired by transgenic Ni2519 TP + plants at 33 °C was lost after their transfer to 24 °C (Table 1) . In contrast to the mature leaves, no reduction of TMV accumulation was detected in the young inoculated leaves of Ni2519 TP + plants in three of five experiments (Table 1) . Thus, the resistance (if any) in upper leaves maintained at 33 °C was significantly less pronounced. This observation is consistent with the results of Deom et al. (1990) who reported that the 30K TP of TMV U1 accumulated in much higher amounts in cell wall fractions from older leaves than from younger leaves of transgenic TP-producing tobacco plants. Moreover, the plasmodesmata of young leaf mesophyll cells expressing the TP gene were not altered, whereas the molecular exclusion limits of plasmodesmata of mature leaves were increased by TP (Wolf et al., 1989; Deom et al., 1990) . Finally, Ding et al. (1992) reported that in young leaves of tobacco plants almost all plasmodesmata were primary in nature whereas the TMV TP accumulated predominantly in secondary plasmodesmata and increased their size exclusion limit in mature leaves of transgenic TP + plants.
. Accumulation of TMV U1 at 33 °C in non-inoculated (systemically infected) leaves of transgenic tobacco plants expressing TMV Ni2519 ts 30K TP
The accumulation of TMV in non-inoculated (systemically infected) leaves of Ni2519 TP + plants at the higher Tk-1 (TP) were maintained at 33 °C for 2 weeks before inoculation, then inoculated with TMV U1 and kept at 33 °C. For other steps see footnote to Table 1 . (a). The virus concentration was determined by ELISA 3 and 7 days after inoculation in mature inoculated leaves. (b). The virus concentration was determined 26, 30 and 41 days after inoculation in the fourth (noninoculated) leaf from the top of plants with eight to 10 leaves. temperature was followed in a series of experiments (Table 2) . Transgenic plants were maintained at 33 °C for 2 weeks before inoculation with TMV U1. The leaves were numbered from the top (L1) to the bottom of the plant, the lower (L7 or L8) leaves were inoculated and virus accumulation in non-inoculated leaves was determined 3 weeks after inoculation in plants maintained at 33 °C. The reduction of TMV U1 accumulation in systemic leaves of Ni2519 TP + plants maintained at 33 °C was found to be even more pronounced (Table 2 ) than in the inoculated leaves (Table 1 ). In two separate experiments the time course of TMV U 1 accumulation in systemically infected and inoculated leaves of Ni2519 TP + and TP-plants was examined. Fig. 1 shows that the delay in virus accumulation could be detected in all cases with the levels of accumulation in systemically infected leaves being considerably higher.
The protoplasts isolated from Ni2519 TP + and TP plants kept at 33 °C were inoculated with TMV (all the procedures were conducted at 33 °C). No significant difference in the levels of TMV accumulation was detected: amounts of TMV U1 detected at 33 °C in Ni2519 TP ÷ and TP protoplasts were 90 ng and 123 ng per 105 protoplasts, respectively. This observation implies that rather than virus replication being inhibited in the individual cells of Ni2519 TP + plants, viral spread was reduced at 33 °C.
It can be concluded that production of ts TP in transgenic plants at a temperature that makes this protein non-functional (or partially functional) conferred on these plants a certain level of resistance to wild-type TMV accumulation.
Accumulation of TMV in BMV TP + transgenic tobacco plants and in isolated protoplasts
The following lines of indirect evidence allowed us to consider the 32K TP of BMV as being partially functional in tobacco plants. Firstly, it has been shown that BMV can infect and replicate in tobacco protoplasts (Sakai et al., 1983) and can apparently induce a subliminal infection in tobacco. Secondly, BMV can complement the systemic infection of TMV in barley plants (Hamilton & Nicols, 1977) and the cell-to-cell transport of BMV can be complemented by the tobamoviruses sunnhemp mosaic virus and tomato strain of TMV in bean and tomato plants, respectively (Taliansky et aI., 1982) . And, finally, it has been reported recently by De Jong & Ahlquist (1992) that the 30K TP of tobamovirus could functionally substitute for the 3a gene-coded TP of bromovirus in systemic infection: when the 3a gene was replaced by the 30K TP gene, hybrid virus moved systemically, although the efficiency of its transport was reduced in comparison to that of the wild-type virus.
We constructed transgenic tobacco plants (BMV TP +) expressing the 32K TP gene of BMV under the control of the CaMV 35S promoter. Plant line Tbmv-1 was chosen for further experiments based on the 32K TP detection by immunoblotting with antiserum to a synthetic peptide corresponding to the 16 C-terminal amino acids predicted by the sequence of nucleotides 953 to 1000 (Ahlquist et aI., 1981) of the 32K BMV TP. The presence of the BMV TP in transgenic plants was detected at 24 °C in crude cell wall and soluble fractions as for Ni2519 TP + plants (see above). As a control, the 32K TP expressed by BMV RNA 3 in vitro (Morozov et al., 1990) was used in immunoblotting (data not shown). Our results show that accumulation of TMV U1 in the inoculated mature and young leaves (Table 3) as well as in non-inoculated, systemic leaves (Table 4 ) of BMV TP + transgenic plants was significantly reduced as compared to control TP-transgenic tobacco plants.
In separate experiments we demonstrated that protoplasts isolated from control TP-and TP + transgenic plants accumulated equal amounts of TMV UI: the levels in BMV TP ÷ and TP plants were 89 ng and 60 ng per 105 protoplasts, respectively. The difference in virus accumulation by TP and TP + plants could be due to the reduction of viral spread but not to be the reduced levels of viral replication within individual cells of BMV TP ÷ plants.
Discussion
A plant virus can express its transport function and spread in a strictly limited range of plant species. Very frequently a virus can replicate in the inoculated cells (or isolated protoplasts) of a resistant plant although it is unable to spread throughout the whole plant. This is the so-called subliminal symptomless form of virus infection (for review, see Atabekov & Dorokhov, 1984) . It can be assumed that the establishment of subliminal infection by a virus in a given plant species is due to the inability of the virus-coded TP to function in this plant.
As discussed in the Introduction, the multi-domain (and conceivably multi-functional) nature of plant viral TPs is well documented. It could be speculated that a virus cannot spread in subliminally infected plants because at least some of its TP domains prove to be nonfunctional in a non-host plant. The best model of subliminal infection is provided by the TMV ts 30K TP mutants mentioned above. It could be predicted that (i) such TPs will perform only some but not all of the functions essential for cell-to-cell spread and (ii) transgenic plants producing partially functional TPs might acquire resistance to a wild-type virus if its TPs are outcompeted by the defective TPs accumulated.
We have constructed transgenic tobacco plants that contain the 30K TP gene of the Ni2519 mutant under the control of the CaMV 35S promoter. Two lines of evidence were found for production of biologically active Ni2519 30K TP by the transgenic plants. Firstly, the transgenic Ni2519 TP + plants could complement at normal temperature the systemic spread of the TMV TP mutant with a frameshift mutation in the 30K gene whereas no complementation occurred at an elevated temperature non-permissive for Ni2519 TP. Secondly, the production of Ni2519 TP in Ni2519 TP + plants was detected by immunoblotting with antibodies to the 30K protein.
In this study we demonstrated that production of ts TP in transgenic plants at the non-permissive temperature endowed these plants with a certain level of resistance to wild-type virus accumulation. Temperature-dependent conformational changes in the ts TP may have led to inactivation of at least part of its functional domains. The TMV ts TP produced by transgenic plants at 33 °C cannot facilitate the viral cell-to-cell movement , and data given here), but it is active in interfering with wild-type TMV accumulation (Tables 1  and 2 ). This effect could be explained by assuming that at 33 °C the ts TP is only partially functional. For instance, it might retain the ability to bind the hypothetical plasmodesmatal host factors, whilst being unable to modify the permeability of the plasmodesmata. The antiviral resistance acquired by transgenic plants at 33 °C was completely lost after their transfer to 24 °C ( Table 1) which suggests that reversible temperaturedependent changes in Ni2519 TP conformation might be responsible for the phenomenon described. Non-functional TP might be replaced by newly synthesized functional TP, produced during the 2 weeks after the shift to 24 °C.
The data presented by different groups of workers (Lehto et al., 1990; Deom et al., 1991) indicate that the rate of TMV spread is directly related to the level of TMV TP in inoculated leaves. Consequently, one could expect that the degree of cell-to-cell transport inhibition in transgenic plants that produce a partially functional TP will be correlated with the level of defective TP. Nejidat & Beachy (1989) reported that the level of TMV coat protein (CP) in transgenic plants decreased sharply at 30 to 35 °C owing to instability and degradation of the CP. The decrease in the amount of CP accumulated in transgenic plants was correlated with the decrease in the efficiency of CP-mediated protection against TMV (Nejidat & Beachy, 1989 ). We did not compare the level of Ni2519 TP in transgenic plants at 24 °C and 33 °C and therefore cannot exclude the possibility that its level in transgenic plants is temperature-dependent, i.e. that a decrease in the Ni2519 TP level takes place at 33 °C. Hence, it is possible that the optimal intracellular concentration of ts TP that would cause the highest level of resistance at the nonpermissive temperature might be higher than that observed in our Ni2519 TP + plants at elevated temperature. One possible way to overcome this hightemperature problem would be the production in transgenic plants of non-conditionally defective TPs at normal temperatures.
In our experiments we have used the TP gene of BMV which replicates in tobacco protoplasts but cannot spread in tobacco plants suggesting that BMV 32K TP is nonfunctional in tobacco. The TPs of bromovirus and tobamovirus can be considered as functionally interchangeable to some extent (Hamilton & Nicols, 1977; Taliansky et al., 1982; De Jong & Ahlquist, 1992) . However, it should be emphasized that the efficiency of the heterologous TPs in facilitating foreign virus movement was substantially reduced as compared to normal wild-type virus spread. Even if BMV 32K TP can enable TMV U1 transport, the efficiency will be substantially lower (if at all) than that of the 30K TMV TP. We constructed transgenic tobacco plants that expressed the 3a TP gene from BMV RNA 3 under the control of the CaMV 35S promoter. As expected these plants showed a considerable level of resistance to TMV infection compared to the control (Tables 3 and 4 ).
In both cases the level of resistance of transgenic TP + plants was not enough to confer absolute immunity to TMV (Tables 1 to 4 ). However, the levels of TMV accumulation in the transgenic plants producing ts Ni2519 30K TP (at 33 °C) or BMV TP were reduced considerably compared to that in control transgenic TP plants.
The results presented here provide a novel experimental approach for developing virus-resistant plants whose resistance is based on the inhibition of cell-to-cell transport of the virus infection. ER, T. (1983) . Point mutation in the 30kD open reading frame of TMV implicated in temperature sensitive assembly and local lesion spreading of mutant Ni2519. EMBO Journal 2, 1893 . (Received 8 October 1992 Accepted 12 January 1993) 
